Chlamydomonas reinhardtii is a unicellular green alga that has attracted interest due to its potential biotechnological applications, and as a model for algal biofuel and energy metabolism. Despite all the advantages that this unicellular alga offers, poor and inconsistent expression of nuclear transgenes remains an obstacle for basic and applied research. We used a data-mining strategy to identify highly expressed genes in Chlamydomonas whose flanking sequences were tested for the ability to drive heterologous nuclear transgene expression. Candidates identified in this search included two ribosomal protein genes, RPL35a and RPL23, and ferredoxin, FDX1, whose flanking regions including promoters, terminators and untranslated sequences could drive stable luciferase transgene expression to significantly higher levels than the commonly used Hsp70A-RBCS2 (AR) hybrid promoter/terminator sequences. The RPL23 flanking sequences were further tested using the zeocin resistance gene sh-ble as a reporter in monocistronic and dicistronic constructs, and consistently yielded higher numbers of zeocin-resistant transformants and higher levels of resistance than AR-or PSAD-based vectors. Chlamydomonas RPL23 sequences also enabled transgene expression in Volvox carteri. Our study provides an additional benchmark for strong constitutive expression of transgenes in Chlamydomonas, and develops a general approach for identifying flanking sequences that can be used to drive transgene expression for any organism where transcriptome data are available.
INTRODUCTION
Chlamydomonas reinhardtii (Chlamydomonas) is a unicellular green alga that has been used as a model organism for more than 60 years to study diverse processes, such as photosynthesis, chloroplast biogenesis, flagella, cell cycle control and sexual reproduction (Harris, 2001 (Harris, , 2008 . More recently, interest in Chlamydomonas has increased as a reference organism for algal-based biotechnological applications, including production of recombinant proteins and other high-value products, and as a model for algal lipid production for biofuels (Rosales-Mendoza et al., 2012; Rasala and Mayfield, 2015; Scaife et al., 2015) . Several characteristics make Chlamydomonas a useful reference species for green algal biotechnology. These include an extensive molecular toolkit with methods for transforming its three genomes (Boynton et al., 1988; Kindle, 1990; Remacle et al., 2006; Jinkerson and Jonikas, 2015) , fast generation times, ease of culturing and low cost of cultivation. The abilities to produce recombinant proteins intracellularly or to secrete them into the external media are additional advantages for biotechnology applications (Franklin and Mayfield, 2004) .
High-level expression of recombinant proteins has been repeatedly achieved from the chloroplast genome, in some cases to economically viable levels (Mayfield et al., 2003; Rasala and Mayfield, 2011; Yoon et al., 2011; Demurtas et al., 2013; Tran et al., 2013; Almaraz-Delgado et al., 2014) . However, nuclear expression is currently limited by poor and/or inconsistent transgene expression, and by long-term silencing of transgenes (Le on- Bañares et al., 2004; Eichler-Stahlberg et al., 2009; Rosales-Mendoza et al., 2012) . Although the molecular mechanisms responsible for low expression are not completely understood, they have been investigated to some extent. Because nuclear transformation occurs by random integration (Kindle et al., 1989) , position effects can cause variability in expression levels. Consistent with chromatin-related position effects being important, Chlamydomonas has silencing machinery that may act transcriptionally or posttranscriptionally to suppress transgene expression (Schroda, 2006; Casas-Mollano et al., 2008; Strenkert et al., 2013; Barahimipour et al., 2015) .
Several strategies have been developed to express transgenes in Chlamydomonas, and overcome low expression and silencing. These include combining promoter elements to achieve more robust expression (Schroda et al., 2000 (Schroda et al., , 2002 , translational fusions of genes of interest to a selectable marker (Fuhrmann et al., 1999) , codon usage and/or GC content adaptation (Fuhrmann et al., 1999; Ruecker et al., 2008; Shao and Bock, 2008; Barahimipour et al., 2015) , inclusion of endogenous introns in expression cassettes (Lumbreras et al., 1998; Sizova et al., 2001; Schroda et al., 2002; Hu et al., 2014) , use of polycistronic mRNAs containing translational 'skipping' peptides (Rasala et al., 2012; Plucinak et al., 2015) or bi-cistronic vectors (Onishi and Pringle, 2016) , and selection of nuclear mutants with increased overall transgene expression levels (Neupert et al., 2009; Kurniasih et al., 2016) .
Despite these improvements, nuclear transgene expression can still be challenging, as the above methods may not be adaptable to all expression scenarios and could benefit from modifications that further improve or stabilize high expression. One of the most widely used sequences for driving nuclear transgene expression is a hybrid promoter and terminator derived from two highly expressed genes, HSP70A and RBCS2 (Schroda et al., 2000 (Schroda et al., , 2002 that was further improved by insertion of the RBCS2 first intron downstream (Sizova et al., 2001) , and which we collectively abbreviate as AR in our study. A second promoterterminator from the intronless PSAD gene has also been used successfully to express cDNAs (Fischer and Rochaix, 2001; Heitzer and Zschoernig, 2007; Kumar et al., 2013) . However, systematic searching for high-efficiency endogenous promoter and flanking sequences has not been reported for Chlamydomonas.
Here we have used a large set of diurnal transcriptome data to identify genes that are expressed at uniformly high levels with minimal day-night fluctuation. We focused on three candidates, a ferredoxin gene FDX1, and ribosomal protein genes RPL35a and RPL23, that fit our search criteria. The transgenes driven by the selected promoters/terminators demonstrated both increased expression frequency and/or expression levels of a luciferase transgene compared with reference constructs driven by AR sequences. The best-performing of the sequences from the RPL23 gene were tested further in monocistronic and dicistronic vectors containing the sh-ble marker where they outperformed the most commonly used versions of AR and PSAD expression sequences for high-level and efficient transgene expression. RPL23 sequences were also able to drive transgene expression in Volvox carteri, a multicellular relative of Chlamydomonas. The sequences we describe here provide new tools for driving strong nuclear transgene expression in Chlamydomonas.
RESULTS
Identification of stably and highly expressed candidate genes for testing of promoter-terminator elements To identify candidate endogenous genic flanking sequences that might be used to drive high-level transgene expression, we looked at the most highly expressed genes from a recently described diurnal transcriptome data set (Zones et al., 2015) . While expression of nearly every gene showed some diurnal fluctuation, we focused on those where the coefficient of variation (CV) was minimal. We used a stringent filter to choose genes with a mean diurnal expression level above 2000 RPKM (reads per kilobase per thousand mapped) and CV less than 0.4, resulting in the selection of 44 candidates out of 17 737 total genes ( Figure 1 ; Table S1 ). Most of these genes, including the three we describe below, were among the most highly expressed in other transcriptome data (Castruita et al., 2011; Schmollinger et al., 2014; Lopez et al., 2015) , and many of them encode cytosolic ribosomal proteins (Table S1 ). We chose to pursue three genes with additional characteristics that might contribute to overall versatility and robustness for driving heterologous gene expression -RPL35a (Cre10.g459250), RPL23 (Cre04.g211800) and FDX1 (also called PETF) (Cre14. g626700), encoding two ribosomal proteins and a ferredoxin, respectively (Table S1 ). Like the PSAD gene, RPL35a has no introns, so may be useful for expressing intron-less cDNAs (Figure 2a ). RPL23 has naturally occurring introns in its 5'-and 3'-untranslated regions (UTRs) that may help improve expression of transgenes, as has been found previously in comparisons of intron-containing and intron-less expression cassettes (Lumbreras et al., 1998; Sizova et al., 2001; Schroda et al., 2002; Hu et al., 2014; Figure 2a) . FDX1 was chosen because it does not encode a ribosomal protein and therefore may not be subject to regulatory mechanisms that specifically affect ribosomal protein gene expressionthough FDX1 expression is known to be downregulated under nitrogen deficiency (ÀN) and would not be a top choice under this condition (Schmollinger et al., 2014) . Ribosome turnover increases under ÀN conditions, but ribosomal protein gene transcripts remain highly expressed (Schmollinger et al., 2014) and ribosomal proteins continue to be synthesized (Martin et al., 1976) . All three of these (Zones et al., 2015) . Light and dark periods are indicated by light-and dark-shaded regions.
genes are more stably expressed under a diurnal regime than PSAD or HSP70A (Figures 1 and 2b) . None surpasses the endogenous RBCS2 gene for high expression though, as described below, they proved more robust for driving transgene expression. For each of the selected candidate genes, we compared the current gene model available on Phytozome 12 (https://phytozome.jgi.doe.gov) with available ESTs shown on Phytozome and from publicly available data that include abundant cDNA/EST and RNA-seq reads acquired under different experimental conditions (http://genomes. mcdb.ucla.edu/cgi-bin/hgTracks?db=chlRei2). For all three genes, the 5'-UTRs from the Phytozome 12 transcript models were found to be over-predicted (i.e. longer than the expression data supported) and were revised accordingly, while 3'-UTR predictions were accurate (Figure 2a ). Flanking regions required to drive gene expression were presumed to be contained within sequences located 500-1000 bp upstream of the transcription start site(s) and 200-300 bp downstream of the 3'-UTRs of the revised gene models, and are also shown in Figure 2 (a).
Generation of luciferase reporter constructs to test promoter-terminator efficiency
To test the effectiveness of the selected flanking regions for driving transgene expression, we first fused them to a codon-optimized Gaussia princeps luciferase (gLuc) gene (Ruecker et al., 2008) , whose activity was monitored using a microtiter-plate-based luminescence assay (Experimental Procedures). Expression constructs were made using a modular tandem vector system pProm-Chlamy (Heitzer and Zschoernig, 2007) , where Cre-Lox-mediated site-specific recombination between an expression cassette plasmid and a plasmid carrying an aph7'' gene generates a transformation vector with a selectable hygromycin resistance marker in cis (Berthold et al., 2002; Heitzer and Zschoernig, 2007) . A previously-described version of this vector pHsp70A/RBCS2-cgLuc, which includes the HSP70A and RBCS2 hybrid promoter and first intron of RBCS2 upstream of the luciferase gene (Ruecker et al., 2008) , was used as a starting point to construct variants with different promoter and UTR combinations, as shown in Figure 3 .
Constructs were transformed into a standard wild-type laboratory strain 6145c (CC-1691) with selection on hygromycin-containing plates, and random individual colonies were picked and tested for each construct. Transformants were grown to mid-log phase in TAP medium in 96-well plates, and luciferase activity was measured using a plate reader with automated substrate injector. Luminescence values were normalized by culture density (OD 750 nm) and expressed as relative luciferase units (RLUs; Figure 4a) . We used two metrics to assess performance of each construct. The first was the proportion of transformants that showed any luciferase activity above background (>3 9 10 4 RLUs) where negatives typically had less than 1 9 10 4 RLU. The second metric was the distribution of positive RLU values binned by expression level. For the reference construct, AR:Luc:RBCS2 (Figure 3 ), fewer than half the transformants had detectable luciferase expression, and those that did show expression usually had moderate to low levels (<1 9 10 6 RLUs; Figure 4a ).
The overall best construct was derived from RPL23 sequences (RPL23:Luc:RPL23) where over 60% of transformants showed expression above background and 21% expressed luciferase at high levels (>5 9 10 6 RLUs; Figure 4a) . Hybrids made using different promoters/terminator combinations generally had similar or higher expression compared with the control construct (AR:Luc: RBCS2), with the greatest impact coming from 3'-UTR/terminator sequences that significantly improved expression in at least one of two data sets when paired with the AR 5' sequences (Figures 4a and S1). We note that RPL23 contains an intron in its 3'-UTR, and at least some of the transcripts produced by the endogenous RPL23 locus also contain an intron in their 5'-UTRs ( Figure 2a ). Introns are known to promote transgene expression in Chlamydomonas (Lumbreras et al., 1998; Sizova et al., 2001; Schroda et al., 2002; Hu et al., 2014) , and either of the two introns in RPL23 may have a strong positive impact on luciferase expression compared with the AR construct that has a single intron downstream of its promoter region. Several high-or low-expressing strains were selected to test whether luciferase values showed a positive correlation with mRNA measured using quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR; Figure S2 ). The modest positive linear correlation value we observed (R 2 = 0.41) suggests additional contributions to luciferase expression from post-transcriptional mechanisms. An interesting area for future investigation will be the nature of any post-transcriptional expression improvements such as increased translation rates conferred by the sequences we identified. Using a different reporter gene that confers resistance to zeocin (sh-ble), we also observed a positive correlation between levels of antibiotic resistance, mRNA levels and sh-ble protein levels when expression was driven by RPL23 flanking sequences (see below), showing that at least part of the improvement we observed in transgene expression consistently correlated with increased mRNA production and/or stability. Because expression silencing can be an issue for transgenic strains, we tested the long-term stability of expression for selected constructs. We compared expression levels from transformants in the first set of experiments (Figure 4a ) with the same strains after passaging once every 2 weeks for either 7 weeks or 13 weeks, respectively. A large majority of clones maintained expression levels that were similar or somewhat higher than those at the start of the experiment (Figure 4b) , and all the constructs showed low rates of silencing based on a conservative criterion where any clone whose expression dropped below 3 9 10 4 RLUs was classified as silenced -even if its initial expression was just above 3 9 10 4 RLUs (Figures 4b and   S3 ). These data indicate that expression driven by the new promoter-terminator combinations is relatively stable. Most clones experienced modest drift in luciferase expression levels over the course of the experiment (Figures 4b  and S3 ), a phenomenon that has been seen previously for luciferase-expressing constructs (Hu et al., 2014) , and which could be due to population shifts or variations in culture microenvironments that are difficult to perfectly control in large-scale microtiter plate cultures maintained by serial passaging.
Comparison between RPL23, AR/RBCS2 and PSAD flanking regions for driving sh-ble expression
We chose the overall best-performing flanking sequences that came from RPL23 and compared them with AR/RBCS2
or PSAD (Fischer and Rochaix, 2001 ) flanking sequences in a new set of vectors where each promoter/terminator combination controlled expression of sh-ble, a marker that confers dosage-dependent resistance to the drug zeocin (Stevens et al., 1996) . Two versions of each vector were created: one without any additional marker and one with a hygromycin resistance marker (aph7'') in cis (as described above) that allowed assessment of expression efficiency (fraction of transformants that express the sh-ble transgene) without direct selection for zeocin resistance (Figure 5a ). In the first set of experiments we used the vectors with no additional marker and directly selected transformants of wild-type strain 21gr on a minimal zeocin concentration (15 lg ml À1 ). In these experiments, we repeatedly observed a higher rate of transformation (zeoR colonies per lg plasmid) with the RPL23-based vector compared with the AR and PSAD vectors ( Figure S4a ). Zeocinresistant (zeoR) colonies obtained from each construct were picked and retested for growth at higher drug Hsp70/RBCS2 (AR) promoter including RBCS2 first intron and RBCS2 terminator from plasmid pHsp70A/Rbcs2-cgLuc (Ruecker et al., 2008) were replaced with flanking regions from genes to be tested using the indicated restriction sites. Predicted promoters are indicated as rectangles with arrowheads and are followed by 5'-UTRs. Flanking regions are color coded by gene as follows: RPL35a, red; RBCS2, green; Hsp70A/RBCS2 (AR), black; FDX1, yellow; RPL23, blue. Genic regions are labeled as follows: 3'T, terminator and 3'-untranslated region (UTR); 5'U, 5'-UTR; ir, RBCS2 first intron; i1 and i3, first and third introns of RPL23.
concentrations where we found that the RPL23 vector produced transformants with overall higher zeocin resistance levels than the other two vectors (Figures 5b and S4b). We next selected transformants that had low, medium and high levels of zeocin resistance for each of the three constructs, and measured sh-ble mRNA levels using qRT-PCR ( Figure S4c ) and sh-Ble protein levels using immunoblotting ( Figure 5c ). In all cases, there was a positive correlation between mRNA levels, protein levels and zeocin resistance. These experiments support the idea that the RPL23 sequences function, at least in part, by increasing mRNA levels that could be due to stronger promoter activity or elements that promote formation of active chromatin (Schroda et al., 2002; Strenkert et al., 2011 Strenkert et al., , 2013 ), but do not rule out contributions from improved translation efficiency or other effects on gene expression. We used our second set of sh-ble constructs containing the aph7'' marker (Aph7) in cis to transform wild-type strain 21gr using hygromycin selection, and then tested for zeocin resistance in randomly picked hygromycin resistant (hygR) colonies. In this experiment -where selection for transformants does not depend on the flanking sequences driving expression of the sh-ble gene -the transformation efficiencies for each vector (hygR colonies per lg plasmid) were similar ( Figure S5a) . The AR/RBCS2 and the RPL23 constructs generated zeoR transformants at similar rates, both of which were higher than those from PSAD (Figure S5b,c) . However, among the hygR zeoR colonies, we observed significantly higher maximum zeocin resistance levels in transformants with the RPL23 construct than with AR/RBCS2 and PSAD constructs ( Figure S5b,c) . These data confirm that RPL23 flanking regions provide a more robust and/or higher level of transgene expression than AR/ RBCS2 and PSAD sequences. As suggested by the luciferase reporter experiments and mentioned above, the improvements in transgene expression from RPL23 flanking sequences may derive from a combination of factors, including numbers of introns, relative promoter strengths, Indicates a significantly higher proportion of positive transformants than the control construct, AR:Luc:RBCS2, determined by Fisher's exact test (P < 0.05). *Indicates a significant increase in expression levels for positive transformants compared with the control construct determined by a two-tailed Mann-Whitney U-test (P < 0.05). (b) Stability of luciferase transgene expression from selected individual transformants was monitored at 7 weeks (black-whisker box plots) and 13 weeks (gray-whisker box plots) from initial screening. The table above shows the numbers of initial positive transformants in the first row with numbers of silenced transformants at 7 and 13 weeks in the next two rows, respectively. The box and whisker plots show fold-change data for positive clones at 7 and 13 weeks. Boxes enclose the second quartile of data with horizontal lines showing median values, and whiskers enclose the 10th-90th percentiles. Outliers are plotted as individual data points.
effects on chromatin structure and/or post-transcriptional processes, such as increased translation rates of sh-ble protein.
Coupling of RPL23 regions to a dicistronic expression vector
A recently developed expression system for Chlamydomonas makes use of the selectable marker sh-ble fused translationally to a gene of interest (GOI) downstream that is preceded by a short viral translational skipping peptide (e.g. FMDV2A) that renders the mRNA functionally dicistronic (Rasala et al., 2012; Plucinak et al., 2015) . With dicistronic vectors selection for zeocin resistance simultaneously selects for expression of the downstream GOI that is produced as a separate polypeptide due to translational skipping (Figure 6a ). Previous studies provided evidence for high-efficiency processing of Ble-2A-FP fusions where 2A represents the skipping peptide and FP stands for fluorescent protein used as a test GOI (Rasala et al., 2013; Plucinak et al., 2015) . We used a version of this cassette containing the sh-ble gene upstream of the 2A site and a codon-optimized blue fluorescent protein gene, mTagBFP (BFP) downstream (Subach et al., 2008; Rasala et al., 2013; Figure 6b ). Transformants for each construct were selected on a minimal concentration of zeocin (15 lg ml À1 ) and then retested for growth on higher concentrations of zeocin to assess relative expression levels of sh-ble. As we observed for direct selection of monocistronic constructs ( Figure S4a,b) , RPL23 flanking regions significantly increased the transformation rate under direct selection for zeocin resistance ( Figure S6 ). The RPL23 flanking regions also significantly increased the number of highly-resistant transformants obtained compared with the AR-RBSC2-based vector (Figures 6c and S6) . We next assessed cytoplasmic BFP fluorescence with confocal microscopy in transformants from each construct using clones that had similar maximum zeocin resistance levels (100 lg ml À1 ), a representative of which is shown in Figure 6d . Blue fluorescence was detectable in all three RPL23:Ble-2A-BFP: RPL23-expressing strains, and was as strong or stronger than in the AR:Ble-2A-BFP:RBCS2 strains, only two of which had detectable BFP fluorescence ( Figure S7 ). We used immunoblotting with anti-RFP/BFP and with anti-Ble antisera to verify the production of predicted proteins in Ble-2A-BFP-expressing strains (Figures 6e and S8 ). We note that in transformants generated with either AR-based or RPL23-based vectors, the apparent 2A skipping efficiency (processed signal/total signal) was consistently about 55-65%, which was lower than the >90% that was previously reported for dicistronic vectors ( Figure S8 ; Rasala et al., 2013) . The host strain or growth conditions prior to lysate preparation may contribute to the variability in processing in our study versus previous ones, but this remains to be determined. Despite this discrepancy in processing efficiency, our results with dicistronic vectors indicate that the RPL23 flanking regions perform better in this context than equivalent vectors containing AR/RBCS2 flanking sequences.
Testing new promoter-terminator combinations in Volvox carteri
There are few well-characterized promoters for expression of transgenes in V. carteri (Volvox), a multicellular relative of Chlamydomonas. Previously, Chlamydomonas promoters have been successfully used in Volvox (Hallmann and Wodniok, 2006) , so we tested the efficiency of our constructs to see if the flanking elements they contain are also effective in this related species. We used co-transformation of a nitA À Volvox strain with a nitA plasmid for selection along with either RPL23:Luc:RPL23 or AR:Luc:RBCS2. Cotransformation of Volvox nitA À strain E#15 (Geng et al., 2014) with plasmid pVcNR15 (Gruber et al., 1996) and RPL23:Luc:RPL23 or AR:Luc:RBCS2 resulted in nitA + transformants that were screened by PCR for integration of the expression construct (Figure 7a) , and then tested for luciferase activity (Figure 7b ). Both constructs produced transformants with luciferase activity high above background, but the two AR:Luc:RBCS transformants both outperformed the five RPL23:Luc:RPL23 co-transformants (Figure 7b ). Our data show that both promoters can function in Volvox, confirm the utility of luciferase as a reporter in Volvox (von der Heyde et al., 2015) , and suggest that the AR-RBCS2 promoter-terminator may be more effective than RPL23 sequences for expressing transgenes; but this apparent difference in promoter-terminator efficacy would require additional testing to confirm. Previous comparative studies found little intergenic sequence conservation between Chlamydomonas and Volvox (Prochnik et al., 2010) , though to our knowledge no systematic search for conserved cis regulatory elements (CREs) between the two species has been done. Our results underscore the potential variability in CRE function for even highly conserved and well-expressed genes in volvocine algae. Co-evolution of cis-regulatory sequences and cognate transcription factors in the two algal species is an interesting topic for future studies.
CONCLUSION
By mining a diurnal transcriptome data set, we identified promoter-terminator sequences from three highly expressed Chlamydomonas genes that exhibited little diurnal variation in expression level -RPL23, RPL35a and FDX1. All three promoter-terminator combinations equaled or surpassed the effectiveness of the commonly used AR-RBCS2 promoter-terminator combination for driving luciferase expression, with RPL23 and FDX1 being significantly more effective at producing high-expressing transformants. Direct comparisons between RPL23, AR/RBCS2 and PSAD flanking sequences driving expression of a second transgene, sh-ble, confirmed that RPL23 surpassed the other two in the fraction of transformants with detectable transgene expression and in the overall level of transgene expression in positive transformants. Since this study began, we reported the use of an RPL23-based vector for overexpressing a Chlamydomonas endogenous gene, CDKG1, that could not be reliably overexpressed with other promoter-terminator combinations (Li et al., 2016) , and we expect the new flanking sequences we identified will prove useful for overexpressing other genes in Chlamydomonas. The approach we used here to identify candidate flanking elements that confer high-level and stable expression of transgenes is a general strategy that may be applied to any species where transgene expression technology needs to be developed or improved.
EXPERIMENTAL PROCEDURES Chlamydomonas and Volvox strains, growth conditions and transformation
Chlamydomonas reinhardtii strains CC-1690 (21gr), CC-1691 (6145c) and CC-124 were obtained from the Chlamydomonas Resource Center (http://chlamycollection.org/). Cells were grown in liquid TAP bubbled with air or on TAP 1.5% agar plates for strain maintenance (Harris, 2008) . Cells were grown with a combination of 125 lE blue (465 nm) and 125 lE red (625 nm) LED lights at 24°C with bubbling aeration.
Transformation of Chlamydomonas was performed by electroporation using a Biorad Gene Pulser XCell. Cells were grown to a density of~1 9 10 6 cells ml
À1
. Tween-20 was added to a final concentration of 0.005%, and cells were centrifuged at 4000 g for 5 min, washed with TAP + 50 mM sorbitol and re-suspended at a final concentration of 3.5 9 10 8 cells ml À1 in TAP + 50 mM sorbitol. For each transformation, 1 9 10 8 cells were mixed with 1 lg of DNA, transferred to 4-mm electroporation cuvettes (Biorad), and incubated for 20 min on ice before electroporation. Electroporation settings were for an exponential pulse of 800 V, 25 lF and no resistance. After electroporation, cells were left at room temperature for 10 min followed by addition of 10 ml TAP + 50 mM sorbitol. Diluted cells were incubated for 18-20 h with dim light and shaking. Transformants were selected by plating cells on TAP agar plates containing 25 lg ml À1 hygromycin or 15 lg ml À1 zeocin depending on the selection marker used. Strains containing luciferase constructs were maintained by passaging on TAP agar with 25 lg ml À1 hygromycin included in every other passage.
Volvox carteri nitA À strain Eve15 was grown and transformed as described previously in Geng et al. (2014) . Integration of transgenes was confirmed by PCR using primers listed in Table S2 .
Plasmid construction
Plasmid pHSp70A/RBCS cGluc was obtained from the Chlamydomonas Resource Center (http://chlamycollection.org/) and used as a backbone to generate a series of vectors that contained the codon adapted G. princeps luciferase gene flanked by different promoters/5'-UTRs and 3'-UTRs/terminators. Promoters/5'-UTRs and 3'-UTRs/terminators were amplified from wild-type strain 21gr. Primers used for amplification and restriction sites used to generate the vectors shown in Figure 3 are listed in Table S2 , and the cloning strategy for each construct is summarized in Table S3 . After assembly, all luciferase vectors were recombined in vitro with pks-aph7-lox using Cre recombinase (New England Biolabs) as described previously (Heitzer and Zschoernig, 2007) .
To generate RPL23:Ble:RPL23 and AR:Ble:RBCS2, sh-ble was amplified from pGenD-Ble (labeled PSAD:Ble:PSAD in Figure 5a ; Fischer and Rochaix, 2001 ) with oligonucleotides BLE-F-XHO1 and BLE-R-BAMH1. The PCR product was digested with XhoI and BamH1. The digested sh-ble PCR product was ligated to either RPL23:Luc:RPL23 or AR:Luc:RBCS2 that had been digested with XhoI and BamH1.
To generate a re-combinable version of PSAD:Ble:PSAD, PSAD promoters/5'-UTRs, sh-ble gene and 3'-UTRs/terminators were amplified from PSAD:Ble:PSAD with oligonucleotides Sacl-PsaD Promoter and PSAD 3'-UTR-NcoI. These PCR products were used to replace AR:Luc:RBCS2 sequences using Gibson assembly in the AR/RBCS2 luciferase vector described above that had been digested with SacI and NcoI (NEB). To generate Aph7-RPL23:Ble: RPL23, Aph7-AR:Ble:RBCS2 and Aph7-PSAD:Ble:PSAD, the corresponding parent vectors were recombined with pks-Aph7-lox as described above. To generate RPL23:Ble-2A-BFP:RPL23, Ble-2A-BFP was excised from PBR9mTagBFP containing a codon-optimized mTagBFP gene (Rasala et al., 2013) by digesting with NdeI, end-repaired using T4 DNA polymerase, and then digested with BamHI. The digested Ble-2A-BFP cassette was ligated to RPL23: Luc:RPL23 that had been digested with XhoI, end-repaired with T4 DNA polymerase, and then digested with BamHI. To create AR: Ble-2A-BFP:RBCS2, Ble-2A-BFP was amplified with RBCSBle-F2 and BFPRBCS2-rev, and recombined with XhoI/BamHI digested pHSp70A/RBCS cGluc using Gibson Assembly (NEB) according to manufacturer's instructions.
Plasmids described in this manuscript will be made available upon request.
Luciferase assays
Individual Chlamydomonas transformants containing gLuc constructs were grown in 200 ll liquid TAP in wells of a 96-well microtiter plate under continuous light until the cells reached late-log phase (4 days). Cultures were then diluted 1/10 and allowed to grow for 18 h to mid-log phase. Luciferase activity was measured in 100 ll of culture after auto-injection of 100 ll coelenterazine solution [100 mM Tris pH 7.5, 500 mM NaCl, 10 mM EDTA and 15 lM coelenterazine (Gold Biotechnology)] just prior to measurement with a BMG Fluostar Optima microplate reader. Interval time was set at 5'' with a gain setting of 4095. Optical density (OD) at 750 nm was used to normalize and calculate RLUs. One clone from construct AR:luc:RPL23 and one from construct RPL35:Luc:RPL35 failed to grow above a minimal density of OD 0.1 prior to analysis at 7 or 13 weeks, and these two were omitted from further analysis. Initially positive clones with RLUs that dropped below 3 9 10 4 were classified as silenced. When comparing luciferase activity and mRNA from positive strains, cells were grown in 300 ml liquid TAP as described above for transformation but bubbled with air supplemented with 0.5% CO 2 . For luciferase assays, a 1ml aliquot was removed and Tween-20 was added to a final concentration of 0.005%, after which the aliquot was flash frozen in liquid nitrogen and stored at À80°C. After thawing, an equal amount of biomass per sample (cell number 9 mean cell size) was resuspended in 100 ll TAP and measured as described above. For RNA isolation, 100 ml of culture was pelleted by centrifugation and RNA prepared as described below.
For measuring luciferase in V. carteri transformants, similar spheroid numbers from asynchronous cultures were collected as described in Geng et al. (2014) , and immediately frozen at À80°C. After defrosting, a packed volume of 5-20 ll spheroids was loaded in white microtiter plates (Perkin Elmer) and resuspended in a total volume of 100 ll Standard Volvox Medium. RLUs were normalized by total protein content that was measured using a BCA assay kit (Thermo Fisher). The luminescence reading was calibrated against wells containing media and substrate with no cells. Background was determined by measuring wells that contained untransformed Volvox.
Zeocin resistance spot testing
ZeoR colonies were picked into 200 ll TAP in wells of a 96-well plate, grown for 4 days in continuous light and spotted onto TAP agar plates containing different concentrations of zeocin (15, 50, 100, 200, 250, 300 , 350 lg ml 
Immunoblotting
Cells were grown and harvested as described above for transformation. Pellets from 50 ml culture at a density of 1 9 10 6 cells ml À1 were resuspended in 500 ll phosphate-buffered saline (PBS) containing 19 plant protease inhibitors (Sigma), 5 mM Na 3 VO 4 , 1 mM NaF, 1 mM benzamidine, 500 lM phenylmethylsulfonyl fluoride, 1 lM ALLN and 1 lM MG-132. Resuspended cells were disrupted with a Covaris ultrasonicator (peak power 150, duty factor 150, cycle 200, treatment 120 sec) to generate whole-cell lysates. Lysates were cleared by centrifugation at 12 000 g for 10 min at 4°C, and total soluble protein was measured from the supernatant using a BCA kit (Thermo Fisher). Thirty micrograms of total protein per lane was separated on 15% tricine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Sch€ agger, 2006) , and wet-transferred to polyvinylidene fluoride membranes (Millipore) using an Xcell II blot module (Invitrogen). Membranes were blocked in PBS containing 9% non-fat dry milk, incubated with primary antibody (anti sh-ble, Invivogen, 1:500; anti-tRFP, Evrogen, 1:7000; anti-tubulin, Sigma-Aldrich, 1:20 000) added to antibody dilution buffer (PBS containing 0.1% Tween and 5% non-fat dry milk), then washed in PBS containing 0.1% Tween for 3 9 10 min. Secondary antibodies coupled to horseradish peroxidase (goat anti-rabbit 1:10 000, Thermo Scientific; goat anti-mouse 1:5000, Biorad) were added to antibody dilution buffer, incubated with membranes for 1 h at room temperature, and membranes washed as described above. Chemiluminescent detection on autoradiographic film or in a Bio-Rad quantitative imaging system (Molecular Imager Chemi Doc TM XRS+ Imaging System) was performed using chemi-luminescence detection (Luminata TM Forte Western HRP Substrate, EMD Millipore) following the manufacturer's instructions.
Confocal microscopy
Three independent transformants expressing either RPL23:Ble-2A-BFP:RPL23 or AR:Ble-2A-BFP:RBCS2 and exhibiting zeocin resistance at 100 lg ml À1 were randomly selected. Transformants were grown on TAP plates containing 50 lg ml À1 zeocin, then grown to mid-log phase in TAP liquid to a density of 1 9 10 6 cells ml À1 , concentrated 100-fold by centrifugation at 3000 g for 5 min at room temperature, and mounted on polylysine-coated coverslips. A RPL23:Ble:RPL23-expressing strain with similar zeocin resistance was used as a negative control. Fluorescence imaging was performed with a Leica SP8-X confocal microscope equipped with a 405 diode laser. mTagBFP was detected with 405 nm excitation and a 427-543 nm emission window. Chlorophyll was detected using 405 nm excitation and a 676-704 nm emission window. Settings for each detection channel were held constant for all samples.
qRT-PCR
Total RNA was extracted as described previously (Zones et al., 2015) from mid-log phase cultures growing in TAP liquid in continuous light as described above. Four micrograms of total RNA was reverse transcribed using a Thermoscript TM Reverse transcriptase kit (Invitrogen) according to the manufacturer's instructions with a 10:1 mixture of oligo dT and random hexamer primers. A reaction mixture with a final volume of 20 ll containing 0.2 ll cDNA, 1 9 ExTaq buffer (Takara, Japan), 2 mM MgCl 2 , 0.5 9 SYBR Green I (Molecular Probes, Life Technologies), 0.05% Tween 20, 0.05 mg ml À1 bovine serum albumin, 5% dimethylsulfoxide, 200 lM dNTPs, 0.3 lM primers and 10 units of Taq DNA polymerase was used for amplification. Luciferase cDNA was amplified with primers LucF and LucR. ble cDNA was amplified with BLE RT F2 and BLE RT R2. Control gene GBLP (Cre13.g599400; Genbank X53574.1) cDNA was amplified with GBLP-3 and GBLP-4, and used as a standard for normalization. Data were fit to standard curves prepared from pooled and diluted cDNA samples with R 2 > 0.99 for all amplicons. qRT-PCR was performed on a CFX96 or a CFX 384 Real-Time PCR detection system (Bio-Rad). PCR was set up as follows: 3 min at 95°C, followed by 40 cycles of 10 sec at 95°C, 10 sec at 55°C and 20 sec at 72°C. The comparative cycle threshold method 2
ÀΔΔCT (Livak and Schmittgen, 2001 ) was used to calculate expression using Biorad software. For each reaction a melting curve was examined to confirm that a single product of the predicted melting temperature was present.
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